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Habituation memoryHypoxia–ischemia (HI) is characterized by a reduced supply of oxygen during pregnancy, which leads to both
central nervous system and peripheral injuries in the foetus, resulting in impairment in its development. The
purpose of this study was to investigate behavioural changes and systemic oxidative stress in adult animals
that have been affected by HI during pregnancy. HI was induced by the occlusion of the maternal uterine
artery with aneurysm clamps for a period of 45 min on the 18th gestational day. Animals from the sham
group were submitted to same surgical procedure as the HI animals, without occlusion of the maternal uter-
ine artery. The control group consisted of non-manipulated healthy animals. At postnatal day 90, the pups
were submitted to behavioural tests followed by blood collection. HI adult animals presented an increase
in anxiety behaviour and a lack of habituation compared to both sham and control groups. Oxidative damage,
assessed by protein and lipid oxidation in serum, did not differ between HI and sham-operated animals.
However, HI animals presented reduced activity of the glutathione peroxidase enzyme and increased formation
of nitrite, indicating alterations in the systemic antioxidant repair system. Our results suggest an association
among HI, systemic oxidative stress and behavioural alterations.
© 2013 Elsevier Inc. All rights reserved.1. Introduction
Hypoxia–ischemia (HI) can be described as an event resulting in a
decrease in cerebral perfusion with subsequent low oxygenation and
nutrient delivery. When HI occurs during the prenatal period, it can
impair neurodevelopment and lead to elevated neonatal morbidity
and mortality (Letourneur et al., 2012). In humans, the incidence of
low birth weight and prematurity in neonates who have undergone
a systemic asphyxia event during pregnancy is about 60% (Vannucci,
2000). Between 20% and 50% of hypoxia newborn infants who present
encephalopathy die within the ﬁrst months of life, and more than
25% show permanent brain damage (Vannucci and Hagberg, 2004).
At long-term follow-up, prenatal HI may cause deﬁcits in learning
and concentration, hyperactivity andmemory impairment in children,
and it may also lead to cerebral palsy and epilepsy (Marin-Padilla,
1997, 1999, 2000). The causes of HI are not always identiﬁed in humans,
although it is often observed in cases of maternal smoking, anaemia,
gestational hypertension, diabetes mellitus, infection, multiple births
and drug abuse (Pundik et al., 2006).
Most of the current understanding of the mechanisms involved
in brain damage induced by HI is derived from animal models. The keydos, 5° andar, Vila Isabel, CEP:
8652; fax: +55 21 2868 8629.
.br, ribeiro@uerj.br
rights reserved.event is obviously oxygen deprivation, which affects brain metabolism.
A severe HI event may deplete tissue energy reserves, leading to short-
termbiochemical events such as acidosis, glutamate excitotoxicity, nitric
oxide (NO) production and oxidative stress in the central nervous
system. This, in turn, may contribute to delayed neuronal formation,
accelerated apoptosis and inﬂammation (Peeters-Scholte et al., 2002;
Vannucci and Hagberg, 2004). Increased oxidative stress during preg-
nancy may result from an increase in mitochondrial activity, probably
acting as a compensatorymechanism to the reduced oxygen supply dur-
ing hypoxia, and also due to reperfusion and reoxygenation after this
event (Reddy et al., 2011; Weis et al., 2012).
The generation of reactive oxygen species (ROS) and reactive nitro-
gen species (RNS) has been implicated in the pathogenesis of white
matter injury in premature infants due to cell death by reactive astro-
cytes expressing inducible nitric oxide synthase (iNOS) (Volpe, 2003).
Furthermore, a study by Li et al. (2004) shows that intermittent hypoxia
in rats induces short-term increased expression and activity of iNOS in
brain tissues, and that neurobehavioural deﬁcits in the water maze
were attenuated in iNOS knockout mice (Li et al., 2004).
It is well known that the NO radical reacts with superoxide anion,
generating the potent antioxidant peroxynitrite. On the other hand,
antioxidant enzymes such as superoxide dismutase (SOD), glutathi-
one peroxidase (GPx) and catalase (CAT) are the ﬁrst defence protect-
ing against molecular and cellular damage caused by ROS (Valença
et al., 2009). To our knowledge, there are no studies of systemic oxida-
tive status and nitric oxide production in prenatal HI.
Table 1
Anxiety behaviour assessed by open ﬁeld test.
Control (n = 16) Sham (n = 15) HI (n = 16)
Test 1 (%) 10.0 ± 2.2 11.3 ± 3.3 9.6 ± 3.1
Test 2 (%) 1.8 ± 1.0⁎ 2.5 ± 1.2⁎ 3.2 ± 1.7
Anxiety behaviour analyzed by formula [(C/4) / (C/4 + P/12) × 100]. Data presented
as mean ± SE. HI, hypoxic–ischemic group; C, central squares; P, peripheral squares.
⁎Different from test 1 (p b 0.05).
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the bloodstream of adult animals that have been affected by HI during
the intrauterine period, in addition to the habituation of memory for-
mation, anxiety and motor behaviour that characterize these possible
alterations as long-term effects of this injury.
2. Material and methods
2.1. Ethical approval
This study was reviewed and approved by the Ethics Committee of
Animal Experiments of Rio de Janeiro State University (certiﬁcation
CEUA/028/2011).
2.2. Rat prenatal hypoxic–ischemia insult
The mating procedure was achieved by placing virgin female
Wistar rats, aged 3–4 months, in a cage withmales in a 3:2 proportion
for 8 h. To deﬁne the ﬁrst day of pregnancy, vaginal smears were used
to conﬁrm the presence of spermatozoids. Fertilized females were
divided into groups of 4–5 per cage, and were kept in a temperature
controlled (23 ± 1 °C) room with a 12 h normal light/dark cycle
(lights on at 6 p.m.), with water and food ad libitum.
The surgical protocol was adapted from Robinson et al. (2005).
Pregnant rats were anaesthetised intraperitoneally with Avertin®
(0.5 g tribromoethanol + 0.31 mL 2-methyl-2-butanol + 39.5 mL
0.9% saline) in titrated doses up to a maximum dose of 300 mg/kg,
on day 18 of pregnancy (E18). A midline laparotomy was performed,
the uterine horns were exposed, and the four uterine arteries were
clamped with aneurysm clips. After 45 min, the aneurysm clips were
removed, the uterine horns were put back into the abdominal cavity
and the wound was closed in layers with suture. In the sham-
operated animals, as a surgical control group, the females had their
uterine horns exposed for 45 min, but no arteries were clamped.
Dipirone was injected intraperitoneally for post-operative pain
relief (100 mg/kg). The females were monitored until they recovered
from the anaesthesia, and then returned to the cage in a standard
condition with water and food ad libitum. Gestation continued nor-
mally until the 23rd day.
Foetal loss was 35.2% for the HI group, and 27.2% for the sham
group, which was not signiﬁcantly different. After birth, the number
of pups was randomly restricted to 8 per brood, to facilitate equal
breastfeeding. After weaning, at postnatal day 30 (P30), male rats
were separated and housed with 6 in each cage for further experi-
ments. Both behavioural assessment and oxidative stress analysis
were performed on postnatal day 90 (P90).
2.3. Behavioural assessment
A third additional group was included in the behavioural tests as
controls. The animals in this control group were male Wistar rats
that were not subjected to any surgical intervention.
2.3.1. Open ﬁeld test
This test was performed to evaluate locomotor activity, anxiety
level and habituation response of the animals when placed in a new
environment. The testing apparatus consisted of a square polypropyl-
ene box divided into 16 squares of equal size, of which 12 were
peripheral (P) and 4 central (C). Each animal was placed in one of
the corners and its behaviour was recorded for 3 min with a digital
video camera for posterior analyses. The animal was removed from
the box, which was then cleaned and dried for the next test session.
Each animal performed the test twice, 24 h apart, under the same con-
ditions of temperature, luminosity, cleaning and visual cues.
The ambulation in C and P squares was measured, and one square
was counted only when the animal placed all four paws on it.Locomotor activity was calculated as the number of total squares
crossed by the animals (C + P). Anxiety behaviour was calculated as
the percentage of activity in the central area, with C and P squares
crossed by the animals divided by 4 (C/4) and 12 (P/12), respectively,
to avoid misinterpretations of the locomotor activity of the animals
(Filgueiras et al., 2009). Therefore, anxiety behaviour was calculated
as [(C/4) / (C/4 +P/12) ∗ 100]. To verify habituationmemory, locomo-
tor activity (C + P) was compared between tests 1 and 2 (Vianna et al.,
2000).
2.3.2. Elevated plus maze test
This is a well-established and widely used method to test anxiety
levels in animals exposed to a conﬂict situation between exploring
the open elevated arms and a natural tendency to hide in the enclosed
arms (Bhattacharya and Satyan, 1997; Korte and De Boer, 2003). The
test consists of an acrylic apparatus in the shape of a cross formed by
four arms: 2 open (OA) and 2 closed (CA), with the high ground at a
standard height. The animals were placed in the arms intersection of
the apparatus, facing one of the CA in the beginning of each test, and
they could move freely. Each test lasted three minutes. The number
of entries in both OA and CA and the time spent in OA were recorded
for the calculation of the following variables. Exploratory behaviour
was calculated as the percentage of entries in OA [entries in OA/
(entries in OA + entries in CA) × 100]. The total time spent in the
OA was used as a measure of anxiety behaviour (Anand et al., 2012).
The percentage of entries in OAwas calculated by this formula [entries
in OA / (entries in OA + entries in CA) × 100]. The percentage of en-
tries in OA, and the total time spent in OA were classiﬁed as measures
of anxiety (Anand et al., 2012). One entry was considered when the
animal entered with four paws in the arm.
2.4. Oxidative stress analysis
At P90, at least 48 h after behavioural tests, the animals were anaes-
thetised with sodium thiopental (70 mg/kg, i.p.) and blood was collect-
ed by aortic puncture for biochemical analysis. Serum was obtained by
centrifugation of whole blood at 2500 rpm for 15 min and stored at
−80 °C until analysis. Total protein content was determined by the
Bradford method (Bradford, 1976).
2.4.1. Determination of the activity of serum antioxidant enzymes
Total superoxide dismutase (SOD) activitywas assayed bymeasur-
ing the inhibition of adrenaline auto-oxidation at 480 nm (Bannister
and Calabrese, 1987). Catalase (CAT) activity was measured in terms
of the rate of decrease in hydrogen peroxide (H2O2) at 240 nm
according to the Aebi method (Aebi, 1984). Glutathione peroxidase
(GPx) activity was evaluated according to Flohé and Günzler (1984),
by monitoring the oxidation of NADPH measured spectrophotometri-
cally at 340 nm in the presence of H2O2.
2.4.2. Nitrite assay
Serum nitrite levels, an indirect measurement of nitric oxide con-
tent, were measured spectrophotometrically (540 nm) by a method
based on the Griess reaction (Valença et al., 2009).
Fig. 1. Locomotor activity assessed by the open ﬁeld test on two different days (tests 1
and 2, n = 15–16). Results expressed as mean ± SE. ⁎Different from test 1 (p b 0.05).
#Different from the control group (p b 0.05).
Table 2
Systemic oxidative stress measurements.
Sham HI
Carbonyl (mMol/mg ptn) 2.75 ± 1.57 (n = 10) 1.95 ± 1.28 (n = 10)
TBARS (nMol/mg ptn) 0.23 ± 0.19 (n = 10) 0.22 ± 0.08 (n = 9)
Catalase (U/mg ptn) 0.46 ± 0.30 (n = 9) 0.50 ± 0.20 (n = 9)
SOD (U/mg ptn) 181.2 ± 44.1 (n = 9) 226.8 ± 68.8 (n = 7)
Data presented as mean ± SE. HI, hypoxic–ischemic group; SOD, superoxide dismutase;
TBARS, thiobarbituric acid reactive substance.
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Lipid peroxidation was measured in terms of malondialdehyde
concentration (MDA), using the thiobarbituric acid reactive substance
(TBARS) method as previously described (Draper et al., 1993). Brieﬂy,
the serum was mixed with 1 mL of 10% trichloroacetic acid and 1 mL
of 0.67% thiobarbituric acid, and then heated in a boiling water bath
for 30 min. The absorbance of the organic phase containing pink
chromogen was measured spectrophotometrically at 532 nm. MDA
equivalents were expressed in nmol/mg protein.
2.4.4. Protein oxidation
Protein oxidation was assessed in serum, according to Levine et al.
(1990), as carbonyl groups reacting with 2.4-dinitrophenyl-hydrazine
(DNPH; Sigma, St. Louis, MO) (Levine et al., 1990). Values of absor-
bance were obtained by spectrophotometry at 380 nm and expressed
in nmol of carbonyl by 0.5 mg of protein.
2.5. Data analysis
Values were reported as mean ± SE. All results were tested for
normality with the Kolmogorov–Smirnov test. All variables of the
rats' behaviour in the open-ﬁeld and plus-maze tests were compared
with one-way ANOVA and Tukey's multiple comparison post hoc
test. Each oxidative stress analysis was followed by the t-Student's
test. The signiﬁcance level was set at p ≤ 0.05 for all statistical tests.
Data analyses were performed with the use of Graph-Pad Prism 5
(GraphPad Software Inc., San Diego, CA).
3. Results
3.1. Behavioural analysis
As assessed by the open ﬁeld test, animals from both control and
sham groups showed the same pattern of locomotion (Table 1 andFig. 2. The elevated plus maze test (n = 15–16). Left panel: percentage of entries in open
expressed as mean ± SE. ⁎Different from the control and sham groups (p b 0.05).Fig. 1). Animals from HI group presented reduced locomotor activity
in test 1, calculated as the total number of C and P squares crossed
by the animals, in comparison with control group (Fig. 1; p b 0.05),
evidencing less exploration of the box. No difference in locomotor
activity was observed between the control and sham groups in tests
1 and 2 (Fig. 1). HI animals also showed an impairment in habituation
memory, as no signiﬁcant difference was observed in locomotor activ-
ity between tests 1 and 2 (Fig. 1; p > 0.05). On the other hand, both
control and sham groups demonstrated a signiﬁcant reduction in
locomotor activity between test 1 and test 2 (Fig. 1), indicating that
they were able to recognize the environment when introduced to it
a second time. Anxiety behaviour assessed by the open ﬁeld test did
not differ among the groups (Table 1; p > 0.05).
On the elevated plus maze test, the percentage of entries in OA
was similar among the groups, showing no difference in the explor-
atory component. On the other hand, the time spent in the open
arms was signiﬁcantly reduced in the HI animals compared to both
the control and sham groups, suggesting increased anxiety behaviour
in this group (Fig. 2).
3.2. Oxidative damage in hypoxia–ischemia
Using the TBARS test, both groups had the same levels of MDA in
the serum, showing that HI did not generate systemic lipid peroxida-
tion that persisted until adulthood (Table 2). The same pattern of re-
sults was observed in the carbonyl analysis. There was no difference
in protein oxidation between the HI and sham groups (Table 2). In
contrast, the quantiﬁcation of nitrite in the HI group was signiﬁcantly
higher than in the sham group (Fig. 3), revealing the presence of a
higher production of NO assessed by the nitrite assay.
No differences were detected in the serum of the sham and HI an-
imals regarding the analysis of SOD and CAT activity (Table 2). How-
ever, GPx activity was signiﬁcantly reduced in the experimental
group compared with the sham operated group, which suggests a de-
ﬁcient oxidative repair mechanism (Fig. 4).
4. Discussion
This study demonstrates for the ﬁrst time that HI insult during
pregnancy leads to a persistent increase in systemic nitrite andarms. Right panel: times spent in open arms. HI, hypoxic–ischemic animals. Results
Fig. 3. Serum nitrite levels measured by the Griess assay (n = 9). Results expressed as
mean ± SE. ⁎Different from the sham group (p b 0.05).
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alterations.
Adversity in early life has been recognized as a fundamental deter-
mining susceptibility to neurological and psychiatric disorders in
adulthood (de Kloet et al., 2005). Our ﬁndings of behavioural perfor-
mance in adult male animals exposed to prenatal hypoxia showed
reduced spatial exploration behaviour on the ﬁrst day of the open
ﬁeld test, a very common observational method, which could possibly
be associatedwith a reduction inmotricity. This model of hypoxia was
ﬁrst described by Robinson et al., who observed a decrease of approx-
imately 30% in the exploratory index in HI animals compared to sham
animals, which was not evident here (Robinson et al., 2005). Our
results demonstrated a signiﬁcant reduction of approximately 37% of
the exploratory index in HI group during adulthood when compared
to the intact group, but not when compared to the sham operated
animals. These conﬂicting ﬁndings could be the result of different rat
strains, ages and mother–offspring interactions (Francis and Meaney,
1999). Moreover, anaesthesia and surgical manipulation of both
sham and HI rats, may lead to a dysregulation of sympathoadrenal
and hypothalamic–pituitary–adrenocortical systems to stress (Seckl
and Meaney, 2004). Interactions of these major stress systems occur
at several levels in the periphery and the brain. The exact mechanisms
need to be clariﬁed in the future.
The lack of reduction in locomotor activity from the ﬁrst to the
second test suggests that HI animals did not habituate to the open
ﬁeld environment. This could be explained, at least in part, by the
vulnerability of premature brains to stressful events associated with
HI, which can interfere in the development of the hippocampus neu-
rons and preoligodendrocytes responsible for memory formation and
maintenance, motor development and anxiety behaviour (Jänicke
and Coper, 1994; Robinson et al., 2005; Volpe, 2003).
Anxiety behaviour was assessed by the elevated plus maze test,
and a similar percentage of entries in open arms between the groups
was observed, showing that the HI animals did not differ in anxietyFig. 4. Glutathione peroxidase (GPx) activity in serum (n = 12), results expressed as
mean ± SE. ⁎Different from the sham group (p b 0.05).behaviour in comparison to the control groups. However, the time
spent in open arms was extremely reduced in the HI group, showing
increased aversion to open spaces, what suggests an anxiogenic effect
on this group. Our ﬁndings are consistent with what was seen by Fan
et al. (2009), who used another model of hypoxia in which pregnant
rats were submitted daily to a hypobaric chamber for 4 h and the
pups were analyzed at 180 days postnatal. Moreover, the study by
Nair et al. (2011) demonstrated that adult mice, submitted to reduced
O2 concentrations (65 to 72%) 14 days before the behavioural tests,
also showed increased anxiety (Nair et al., 2011).
Our data demonstrate that exposure to HI during pregnancy in-
duces oxidative stress through impaired GPx activity and increased
nitric oxide production in the adult rats. Such an imbalance in NO-
and ROS-mediated signalling has been shown to contribute to the
development and progression of cerebrovascular diseases. The effect
of HI is more aggressive in immature brains, as assessed by Vannucci
and Hagberg (2004), which shows more vulnerability to oxidative
stress through hydroxyl radical formation and consecutive interac-
tions with free iron through the Fenton reaction. The GPx enzyme,
localized in the mitochondrial matrix and cytoplasm, detoxiﬁes these
radicals by using reduced glutathione as a substrate, forming O2 and
H2O on a physiological level, thus protecting the cell against oxidative
damage (Jauniaux et al., 2000). As demonstrated by Rauen et al.
(2007), NO and its products can inhibit H2O2 degradation, preventing
GPx action and causing cytotoxicity in rat livers, and also preventing
catalase activity (Rauen et al., 2007), which was not observed in this
study.
On the other hand, it was not possible to detect signiﬁcant differ-
ences in the systemic activity of other antioxidant enzymes, such as
SOD and catalase. This fact was also observed in other hypoxiamodels,
such as intermittent exposure to the hypobaric hypoxiamodel, inwhich
Esteva et al. (2010) show an absence of increased oxidative stress
following implementation of this programme, used as pre-acclimation
by athletes at high altitudes (Esteva et al., 2010).
In the cerebral circulation, the presence of angiotensin II (Ang II) and
an increased expression of NADPH,mainly NOX2, have been implicated
in ROS generation, leading to alterations in vasomotor function, im-
paired neurovascular coupling, inﬂammation, lipid peroxidation and
neuronal death (De Silva and Faraci, 2012; Chrissobolis et al., 2012;
Sorce and Krause, 2009; Olmez and Ozyurt, 2012). These alterations
are involved in neurologic and psychiatric diseases (Sorce and Krause,
2009). Speciﬁcally in HI during the perinatal period, experimental stud-
ies suggested that overproduction of ROS correlates to the apoptotic
index in the brain (Alonso-Alconada et al., 2012). Moreover, ﬁndings
relating to the cerebral antioxidant status in animal models of HI seem
to be contradictory (Pereira et al., 2009; Weis et al., 2012).
In conclusion, an alteration of vascular enzymes involved in ROS/
NO signalling, in addition to long-term cognitive damages in learning
and memory, was found after a HI insult.Acknowledgements
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